Fat digestion and metabolism differ widely between animal species. In ruminants, dietary fats are hydrogenated in the rumen before intestinal absorption so that absorbed fatty acids (FA) are more saturated than dietary FA. In non-ruminants, intestinal FA digestibility depends on the level of saturation of dietary FA. Fat supplementation of the diet of cows decreases milk protein and has a variable effect on milk fat, depending on the source of dietary lipids. When encapsulated lipids are used, the linoleic acid content of milk is increased, but the organoleptic quality of milk may be altered. Supplementary lipids are incorporated into non-ruminant body fat, whereas de novo lipogenesis is reduced. There is a close relationship between the nature of dietary FA and nonruminant body FA.
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M. DOREAU AND Y. CHILLIARD second from protozoa (Harfoot & Hazlewood, 1988) . These enzymes are lipases, galactosidases and phospholipases, and lead to the formation of free fatty acids (FA), without intermediate compounds such as mono-and diacylglycerols. This lipolysis is very rapid, in vitro as well as in vivo . Some factors have recently been found to decrease lipolysis, such as antibiotics and low pH (Van Nevel & Demeyer, 1996~) . This latter factor explains why lipolysis is reduced with diets rich in starch (Gerson et al. 1985) .
Hydrogenation occurs on free FA. Thus it is necessary that lipolysis has taken place previously. The first step is an isomerization. Hydrogenases allow the reduction of FA according to different pathways described by Harfoot & Hazlewood (1988) . The endproduct of hydrogenation of C18 FA is stearic acid. However, when large amounts of linoleic acid are available, hydrogenation generally stops before this final step, leading to various cis and trans isomers of monoenoic FA (Harfoot et al. 1973) . The most important is trans-vaccenic acid (1 8 : ln-7). Hydrogenation of polyunsaturated C20 and C22 FA has been discounted by Ashes et al. (1992) but other results show extensive hydrogenation of these FA in vivo and in vitro (C. J. Van Nevel and D. I. Demeyer, unpublished results) . Hydrogenation generally takes place at a slower rate than lipolysis, but few polyunsaturated FA are present in the rumen.
Bacteria incorporate FA, but are also able to synthesize a wide variety of FA, those with 15 and 17 C atoms being the more characteristic. Synthesis occurs mainly from volatile FA; branched-chain FA arise from isobutyrate and isovalerate. Bacterial cis and trans monounsaturated FA may result from desaturation of saturated FA. Linoleic acid can also be synthesized (Demeyer & Hoozee, 1984) . The extent of this de novo synthesis is lower than the extent of dietary FA incorporation and decreases when ruminal FA concentration increases (Demeyer et al. 1978) . Protozoa (Emmanuel, 1974) and fungi (Kemp et al. 1984) can also incorporate and synthesize FA. Synthesized and assimilated FA are esterified as phospholipids and sterol esters (Demeyer et al. 1978) , and constitute structural lipids. When large amounts of FA are fed, they are stored as free FA in cytosolic droplets (Bauchart et al. 1990b) . These droplets are especially rich in linoleic acid which thus escapes hydrogenation.
Quantitative and qualitative ruminal balance of fatty acids
It is generally thought that the duodenal flow of FA is higher than FA intake. This idea is supported by the occurrence of ruminal synthesis of FA, whereas, in theory, no degradation or absorption takes place. Recent results have shown that in some circumstances negative balances occur, i.e. duodenal FA flow is lower than FA intake (Doreau & Ferlay, 1994; Fig. 1) . Taking into account all data, including those with protected lipids, a relationship is found between FA duodenal flow (FAD, g k g DM intake) and FA intake (FAI, g k g DM intake) : FAD = 0.801 FA1 + 9.29 (n 113, r 0.87).
Authors who obtained negative balances first supposed that this was a bias due to the lack of accuracy of measurements of duodenal flows. Now it can reasonably be supposed that degradation and/or absorption occur, contrary to the prevalent idea. Experiments using labelled FA have shown that ruminal absorption and degradation of FA are negligible (Wood et al. 1963) . However, Goosen (1975) observed that ruminal absorption of FA increased with FA concentration. On the other hand, it has been shown in vitro that FA can be catabolized to ketone bodies by the rumen epithelium (Cook et al. 1967) . Oxidative degradation can also occur from rumen-adherent bacteria which take O2 from epithelial cells (Cheng & Costerton, 1980) . Negative FA balances occur mainly with high-fat diets and with diets based on fresh grass. It can be hypothesized that with high-fat diets some FA are not adsorbed onto feed particles and move towards the rumen wall where degradation and/or absorption take place. At the same time, when large amounts of FA are fed, microorganisms reduce their rate of FA synthesis (Demeyer et al. 1978) . Due to hydrogenation processes, the composition of FA leaving the rumen is very different from the composition of dietary FA. Fig. 2 (Doreau & Ferlay, 1994) shows from in vivo determinations the percentage hydrogenation of linoleic and linolenic acids, having mean values of 80 and 92 % respectively. No relationship appears between the percentage hydrogenation and total FA intake, or individual FA intake. However, within-experiment results show trends to a lower percentage hydrogenation with diets low in linoleic acid (Bauchart et al. 1990a) . Curiously, the extent of hydrogenation is only slightly lower for lipids of forages than for free oils (Ben Salem et al. 1993) . All cases of hydrogenation lower than 60 and 70 % for linoleic and linolenic acids, respectively, correspond to diets containing more than 70 % concentrates. This suggests that factors related to high intake of concentrates are the main factors which are able to reduce hydrogenation. This is consistent with the inhibition of lipolysis by low pH. It can be supposed, therefore, that the limitation of lipolysis is the cause of the reduction of hydrogenation.
Effects of fats on carbohydrate digestion Lipid supplementation of diets often leads to a decrease in the extent of carbohydrate digestion. The magnitude of organic matter ruminal digestion is reduced , and this decrease is due to the fibrous fraction, but not to modification of starch digestion (Zinn, 1989) . At the same time, the volatile FA pattern is shifted towards an increase in propionic acid and a decrease in acetic and butyric acids, and methanogenesis is reduced. All these modifications generally occur together, and depend on: (1) the amount of fat: generally low negative effects are observed when diets contain less than 50 g added fatkg; (2) the nature of fat: disturbances are the highest for polyunsaturated FA (Palmquist & Jenkins, 1980; Jenkins, 1993) and especially important for linseed oil, rich in linolenic acid (Ikwuegbu & Sutton, 1982) ; as an exception fish oil, rich in polyunsaturated FA with 20 and 22 C atoms, tends to increase digestibility (Doreau & Chilliard, 1997; Table 1 ); (3) the nature of the basal diet: fat has less negative effect with diets rich in hay than with diets rich in maize silage (Ben Salem et al. 1993; Smith et al. 1993) ; the proportion of concentrates in hay diets does not seem to interfere with the disturbances of carbohydrate digestion (Cottyn et al. 1971) ; (4) the amount of soluble Ca in the rumen: it has been frequently observed that a supplement of Ca in soluble form reverses the negative effect of fat on carbohydrate digestion (White et al. 1958 ); ( 5 ) to a lesser extent, the animal species: the disturbances of ruminal digestion may be lower in dairy cows than in sheep (Van der 
Honing et al. 1981).
It is not clear if this can be related to a higher feed intake relative to maintenance requirements in cows than in sheep. These disturbances are the consequences of modifications in the ruminal microbial ecosystem. It has been demonstrated in vitro that lipids have a negative effect on bacterial growth. This action is more pronounced with polyunsaturated FA than with saturated FA, is reversed by divalent cations such as Ca, and is especially marked on cellulolytic strains (Galbraith et al. 1971; Maczulak et al. 1981) . Another effect of fat supplementation is the decrease in protozoal population, which contributes to cellulolysis. This decrease is especially large for polyunsaturated FA; in the case of linseed oil defamation is almost complete .
The actions of lipids on the microbial population explain almost all the aforementioned effects. Some other factors may act, such as the competition between bacteria and feed particles for adsorption of FA (Harfoot et al. 1974) , which can explain why increasing forages in the diet decreases the interaction between bacteria and FA. The positive effect of Ca may be explained by the formation of Ca salts in the rumen (Palmquist et al. 1986) , and it has been demonstrated that lipid supplementation reduces the concentration of ionized Ca in the rumen fluid . The lack of Ca can be a limiting factor for the attachment of bacteria to particles (Roger et al. 1990 ).
Protection of lipids
Numerous attempts have been made to limit the extent of lipid ruminal hydrogenation and the disturbances of carbohydrate digestion, by different techniques of protection. This means not only the protection of lipids against microbial attack, but also the protection of microbes against the negative effect of lipids. Feeding oilseeds instead of oils gives a slight protection (Jenkins, 1993) . Different technological treatments, either physical or chemical, have been developed to improve this protection.
A first method, elaborated 25 years ago, is the encapsulation of an emulsion of oil by formaldehyde-treated proteins. This coating is disrupted in the abomasum, so that intestinal absorption occurs after hydrolysis of triacylglycerols by pancreatic lipase (EC 3.1.1.3). The protection is generally partial, because of the physical action of mastication on the products, and, sometimes, because commercial products are not well treated (Ashes et al. 1979) . However, this technique is the only one which allows a large increase in the proportion of polyunsaturated FA in absorbed FA (Hogan et al. 1972 Palmquist (1984) because the association of Ca and FA as soaps, commonly called salts, was supposed to be inert in the rumen. The absence of perturbations of ruminal digestion with Ca salts based on palm oil was evident whatever the nature of forages and concentrates (Elmeddah et al. 1991) and was attributed to a low dissociation in the rumen when pH was between 6 and 7 (Sukhija & Palmquist, 1990 ). It has recently been shown Enjalbert et al. 1994 ) that Ca salts of unsaturated oils are extensively hydrogenated, suggesting their dissociation when the pH drops postprandially. This role of pH was confirmed in vitro by Van Nevel & Demeyer (1996b) . The absence of a negative effect of these salts on carbohydrate ruminal digestion may be due either to a reformation of Ca salts after they have been hydrogenated, or to a positive action of ionized Ca by enhancing the adhesion of bacteria to particles.
Fat prills are generally considered as protected fats. A physical treatment (Schauff & Clark, 1989 ) is carried out on saturated fats, which have a high melting point, so that they are expected to be inert in the rumen. With such products, ruminal disturbances are generally low or moderate with C16 and C18 FA (Schauff & Clark, 1989) , and with hydrogenated fish oils rich in C20 and C22 FA (Doreau, 1992) , but this can be due to the saturation of FA more than to the crystallization. However Sundstprl (1974) observed depressions of crude fibre digestibility with saturated fish oils which have a very high melting point: the mechanisms of action of these fats in the rumen are not yet well known.
Among the other methods of protection which have been tested, only the chemical linkage of FA as fatty acyl amides (Fotouhi & Jenkins, 1992; Jenkins, 1995) has shown a rather good resistance to hydrogenation. These techniques are not commercially available.
INTESTINAL DIGESTION AND ABSORPTION OF FATS IN RUMINANTS AND NON-RUMINANTS
Although the general mechanisms of intestinal lipid absorption are the same for ruminants and non-ruminants, some differences exist, which are in part related to the nature of lipids reaching the duodenum: FA or triacylglycerols. Moreover, the differences of digestibility between the different FA depend on the animal species.
Mechanisms of absorption
In ruminants, FA reaching the duodenum are mainly adsorbed on feed particles, bacteria and perhaps desquamated cells. Desorption occurs with bile salts and lysolecithins which allow their solubilization in a micellar phase. These micelles allow lipid absorption at the jejunum. In epithelial cells of the small intestine, FA are esterified, triacylglycerols and phospholipids are incorporated into chylomicrons and VLDL (Moore & Christie, 1984; Bauchart, 1993) , which are transported by the lymph and, with diets rich in fat, in part by the portal vein . Absorption andor microbial synthesis in the large intestine are of low extent (Doreau & Ferlay, 1994) . In non-ruminants, lipids are emulsified and reach the duodenum as triacylglycerols and phospholipids and, for herbivorous species such as horses, as galactolipids. Biliary salts allow the adsorption of colipase at the lipid-water interface, then the action of the pancreatic enzymes, lipase, esterases and phospholipases. Contrary to the bacterial lipases of ruminants, the action of pancreatic lipase on triacylglycerols releases two FA and a monoacylglycerol in position 2. These compounds form micelles with biliary salts and are
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s21 then absorbed. After re-esterification in the intestinal cells, transport occurs mainly by the lymph in mammals and, in birds, by the portal system mostly as VLDL (Freeman, 1984) .
Intestinal fat digestibility in ruminants
It is often considered, in ruminants, that fat supplementation increases fat digestibility. This is a consequence of ( 1 ) the underestimation of fat intake in diets non-supplemented with fat, in which FA, incorporated in cell structures, are not easy to extract by classical methods, whereas supplemental lipids, which are generally triacylglycerols, are easier to extract; (2) the fact, mentioned earlier, that ruminal FA balance is generally positive with non-supplemented diets and negative with fat-supplemented diets. For this reason, old results obtained by measurement of digestibility between mouth and faeces, are questionable and should be used only to compare the digestibility of different sources of lipids given in the same amounts.
Reliable results have been obtained by measurements between duodenum and ileum or between duodenum and faeces. A survey of sixty-four data points from the literature showed a wide variation in intestinal digestibility, from 55 to 92 %. Intestinal digestibility does not depend on FA intake, and the capacity of FA absorption in the dairy cow can be higher than 1 kg/d with different sources of fat ( Table 2) or with rapeseed oil infused in the duodenum (Chilliard et al. 1 9 9 1~) .
From within-experiment comparisons and betweenexperiment values for the same source of fat no clear effect of the FA composition of the diet can be shown: for example, digestibility of soyabean oil varies between 70% (Hagemeister & Kaufmann, 1979) and 92 % (Blbrsting et al. 1992) . Methodological errors do not explain these differences, since widely different values are often found in the same experiment. A possible explanation is that micelle formation could depend either on the proportions of the different FA, or on the production of biliary salts which is related to the nature of FA. This hypothesis has not been assessed by experimental data but could explain the observation that the replacement of rapeseed oil by hydrogenated fish oil decreases the digestibility of all FA (Doreau, 1992) .
Digestibility depends on chain length (Fig. 3) but does not differ between 16 and 18 C atoms: 79 and 77 % on average respectively. Moreover, digestibility appears to be lower for C20 and C22 FA, but few results are available for these FA. From literature data it can be calculated that the mean digestibilities of C 18 FA are 77, 85, 83 and 76 % for 0, 1,2 and 3 double bonds (Doreau & Ferlay, 1994) . These results call for two remarks: first, values for 18:3 are of low accuracy due to the very small amounts reaching the duodenum; second, values for 18 : 1 combine different isomers of which the proportion depends on the nature of dietary FA. More results are required to compare the digestibility of trans and cis isomers. Intestinal fat digestibility in non-ruminants
In non-ruminants, digestibility is high; often more than 80 ?h in pigs and poultry, and more than 90% in preruminant calves. The effect of FA concentration in the diet on FA digestibility remains unclear. Wiseman (1984) showed a curvilinear increase of diet digestibility when dietary fat is increased, suggesting a limitation of FA digestibility. In contrast, increasing dietary FA increases FA digestibility in pigs (Just, 1982~) ; this can be attributed in part to the relative decrease in endogenous fat secretion, in part to the high digestibility of added FA. On the other hand, fat digestibility is reduced when fibre in the diet of pigs is increased (Just, 19823) . Lastly, digestibility increases with age in pigs and poultry (Wiseman, 1984) .
Digestibility differs between FA, especially in pigs and poultry, moderately in preruminant calves (Bauchart & Aurousseau, 1993) . Digestibility decreases with increasing chain length for saturated acids from 14 to 18 C atoms (Fig. 3) . Even digestibility of saturated FA can be very low in young chickens, in which the production of biliary salts is limited (Lessire et al. 1996) .
Digestibility increases with unsaturation for C18 FA: 60, 86 and 83 % for 0, 1 and 2 double bonds with tallow fed to poultry (Lessire & Leclercq, 1982) . This is due to a lower formation of micelles with saturated FA (Stahly, 1984) which results in an interaction between saturated and unsaturated FA, digestibility being higher when the unsaturated : saturated FA ratio is higher than 1-5 (Table 3) . In horses, which consume linolenic acid in forages, the digestibility of this FA is much higher than that of stearic acid (Eilmans, 1991) . Moreover, the digestibility of 20:5 and 22:6 from fish oils is very high (Opstvedt, 1984) . For the same FA, the digestibility varies according to the position on glycerol: digestibility is higher when saturated FA are esterified in position 2 than in positions 1 or 3, perhaps because apolar free FA are less easily absorbable than the 2-monoacylglycerols (Palmquist, 1988) .
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METABOLIC UTILIZATION OF DIETARY FAT
Effect of fat supplementation on energy value of diets
The energy value of fats for ruminants is difficult to give with accuracy, because of the negative interactions between lipids and carbohydrate in the rumen. In an attempt to provide an average value, Vermorel et al. (1986) proposed for dairy cows 20.5 MJ net energykg DM for fats which moderately decrease carbohydrate digestion. This value came from the observation that, in the literature, the addition of lipids to diets of dairy cows involves low variations of energy digestibility of total diet, so that the high energy value of diets comes from their high gross energy content. This value is consistent with values proposed in other countries. If it is assumed that lipids do not disturb carbohydrate digestion at all (as Ca salts of palm oil, for example), a higher value can be proposed, reaching 32MJ net energykg FA (M. Doreau, A. Ferlay and Y. Chilliard, unpublished results) . This value assumes that the efficiency of metabolizable energy utilization is 80 %. It has recently been assessed by Chilliard (1993) , from an analysis of the literature (fifteen trials), that the net energy value of 1 kg of lipids for dairy cows is 23.4 (SD 9.2) MJ, the efficiency of metabolizable energy utilization being on average 81 %.
In non-ruminants, the energy value of fats is also difficult to determine, because of the interactions between saturated and unsaturated FA. The apparent metabolizable energy value of lipids varies in the same way as their digestibility because the interactions between lipid and fibre digestibilities are moderate. No matter whether the method of measurement used is direct calorimetry, lipid digestibility or effect on performance, metabolizable energy content is between 30MJkg for saturated fats such as tallow, and 40MJkg for vegetable oils, with lard or poultry fat being intermediate (Wiseman, 1984) . This energy value is reduced, especially for fats rich in saturated FA, when the level of inclusion of fat increases. The efficiency of use of metabolizable energy for fat deposition is generally greater than 90 % in pigs (Stahly, 1984) .
Dietary fat and adipose tissue metabolism
Fat supplementation increases FA absorption and hence the flux of circulating chylomicrons and VLDL. This generally increases FA uptake by adipose tissue, except when lipoprotein lipase (EC 3.1.1.34) activity is low, for example in early lactating cows that are in negative energy balance (Chilliard, 1993) . The increased flux of exogenous FA within adipocytes results in decreased de novo synthesis of FA from acetate in ruminants. In the same way, de now FA lipogenesis from glucose is decreased in pigs (Farnworth & Kramer, 1987) .
In the pig this decrease in FA synthesis is, however, less marked when dietary fat is rich in linoleic acid, which could explain the increase in carcass fatness (Mourot et al. 1994) . Dietary fat can also decrease basal lipolysis (glycerol release), thus increasing fat deposition. However, this trend can be in part compensated for by a decrease in FA reesterification (or an increase in exogenous FA recycling), particularly in response to lipolytic hormones, thus avoiding an excessive enlargement of adipocytes (Chilliard, 1993) .
In ruminants, there are no clear differences between the different FA for inhibition of de now FA synthesis. Few data are available concerning effects of dietary fat on lipolysis. Some results suggest however that P-adrenergic lipolytic responses can be increased by unsaturated FA. These two events (decreased FA synthesis and increased lipolytic response) could explain why ruminants are less responsive to dietary fat than nonruminants, either for total energy intake, or for increased fatness. This is also suggested by the trend to increased body weight loss in the dairy cow during early lactation, in which dietary fat is largely used by the mammary gland and thus results in higher milk energy secretion (Chilliard, 1993 ; Fig. 4) .
In birds, effects of dietary fats on adipose tissue metabolism are secondary to changes in lipid metabolism in the liver (the main site of FA synthesis in these species). The reduction of dietary carbohydrates when fat is supplied in the diet decreases the de now synthesis of FA (Hillard et al. 1980) and VLDL secretion by the liver. The proportion of dietary FA in circulating lipids then increases, so that body fat mainly depends on the direct uptake of exogenous FA. 
CONSEQUENCES OF FAT SUPPLY IN DIETS ON MILK COMPOSITION
Fat is frequently included in the diets of dairy cows. Some years ago, the aims of fat supplementation were to increase the energy value of the diet and to limit the mobilization of body lipid in early lactation. An increase in milk yield was expected (Palmquist, 1988) . Now fat is often considered as a component of the diet and its incorporation into concentrates depends on the price compared with other feedstuffs. One of the factors determining fat supplementation in dairy-cow diets is its effect on milk composition, which has consequences for public health, due to variations in the saturation of FA (Hegsted et al. 1993) and in the amount of trans FA (Willett et al. 1993) . In this section are presented the main effects of dietary fat on milk composition and the consequences in terms of milk organoleptic qualities and value for technological transformations.
Milk fat
Fat supply in dairy-cow diets results in variable effects on butterfat, which can be of high magnitude: sometimes increases or decreases of 10 g k g in butterfat content are observed (Stony et al. 1980) . In the literature, the negative effects are approximately the same in number as the positive effects. Saturated fats do not alter butterfat much (+0.5g/kg on average). Oilseeds reduce butterfat less than free oils ( -0.9 v. -2.8 g k g respectively; Chilliard, 1993) . The greatest negative effect is obtained with fish oils: between -5 and -l o g k g . With protected fats, the effect of lipid supplementation is positive or negligible: + 6.4, + 4-0 and + 0.4 g k g for encapsulated vegetable oils, encapsulated animal fats and palm-oil Ca salts, at daily mean intakes of 690, 940 and 590 g/d respectively (Chilliard et al. 1993) . The effect of dietary lipids on milk fat content tends to be more positive, or less negative, in early lactation than after peak lactation. This is probably due in part to a dilution effect, since milk yield increases less in early lactation, in part due to a higher contribution of dietary lipids to body fat deposition after peak lactation (Chilliard, 1993) . Variations in butterfat are the consequences of the specific variations of each milk FA. The addition of lipids to the diet results in a decrease in the secretion and proportion of short-and medium-chain FA in milk. This is due to (1) the usual increase in the proportion of propionate in the ruminal volatile FA mixture, at the expense of acetate and butyrate which are precursors of milk fat; (2) the inhibition of the synthesis of short-and especially medium-chain FA in the udder by long-chain FA (Chilliard et al. 1991b) , in particular by FA of trans structure (Banks et al. 1984) . At the same time, exogenous FA are transferred to milk and increase the secretion of long-chain FA. When compared with C16 and C18 FA, the rate of transfer is lower for short-and medium-chain FA (Stony et al. 1974 ) probably because of the transformations which occur in the rumen or in the liver; the rate of transfer is also lower for C20 and C22 FA (Pennington & Davis, 1975) . On rare occasions, for unexplained reasons, lipid supplementation does not modify the mammary uptake of long-chain FA. Adding soyabean oil to a maize silage diet resulted in a reduction in milk fat content of 10 g/kg and secretion of C18 FA in milk was reduced from 350 to 313 g/d (M. Doreau & Y. Chilliard, unpublished results) .
Milk butterfat is, thus, the result of the balance between the decrease in de novo synthesis and the increase in preformed FA uptake. The large increase in butterfat with encapsulated oils is due to (1) little reduction of precursors of de novo synthesis, because of the partial protection, (2) the lower inhibition of de novo synthesis by polyunsaturated FA compared with products of hydrogenation and (3) the absence of a dilution effect because these lipids generally do not increase milk yield. However, knowledge of the effect of the nature of FA on the extent of inhibition of de n o w synthesis and of mammary FA uptake remains to be improved. For many sources of dietary fat it is always difficult to predict the variation of butterfat.
In ewes, lipid supplementation always results in a significant increase in butterfat, by 8-22gkg (Chilliard & Bocquier, 1993 ; Table 4 ). All supplementations have been made with Ca salts of palm oil, so that it is difficult to extend this trend to all kinds of fat supplements. In goats, lipid supplementation results in an increase in butterfat, by 2-14 g! kg. The increase is observed with all kinds of fat, is proportional to fat intake, and is more marked in early lactation than in mid-or late lactation (Chilliard & Bocquier, 1993) . Mare milk fat content does not appear to be related to fat intake, but milk FA composition is related to the nature of dietary FA, for example mares fed on forages produce a milk rich in linolenic acid (Doreau & Boulot, 1989) .
Milk protein
An increase in the fat content of ruminant diets usually results in a decrease in milk protein content. This trend is general in cows after peak lactation, whatever the source of lipids (Wu & Huber, 1994) , however the decrease seems to be lower with encapsulated oils than with encapsulated animal fats, the latter resulting in a higher milk yield (Chilliard et al. 1993) . The decrease in milk protein content occurs as soon as fat is added to the diet; the magnitude of the decrease for the same increase in dietary fat content may be lower at high fat intakes. In early lactation, the depression in protein content is low with diets rich in fat. This may be related to the very small effect on milk yield in early lactation (Doreau & Chilliard, 1992 ; Fig. 5) . The decrease in protein content is explained by a decrease in casein content. The average of twenty comparisons showed that the addition of lipids to the diet resulted in the same decrease of 1 . 6 g k g for protein as well as for casein content (Doreau & Chilliard, 1992) . Neither whey protein nor non-protein N varies with lipid addition.
A noticeable part of these decreases is explained by the increase in milk yield, total protein output being moderately affected by fat supplementation. As a consequence, Wu & Huber (1994) attributed the decrease in protein content to the absence of an increase inamino acid uptake by the udder as milk yield increases due to fat addition. However decreases in protein content and output occurred with duodenal infusion of rapeseed oil even when the protein balance was largely positive (Ottou et al. 1995) . The addition of protected methionine and/or lysine has a positive effect on milk protein content with diets rich in fat as with classical diets, but no positive interaction is found (Doreau & Chilliard, 1992) so that a limitation of the uptake of these two amino acids is unlikely. Supplementation with lactose could partially alleviate the drop in protein content (Garnsworthy, 1996) . The cause of the limitation of amino acid uptake could be related to hormonal modifications, such as the resistance of mammary tissue to insulin (Palmquist & Moser, 1981) .
In dairy ewes, fat supplementation also results in a decrease in protein content, typically between 0.4 and 3.5gkg. In contrast, no variation has been observed in goats (Chilliard & Bocquier, 1993;  Table 4 ).
Consequences in terms of technological value and organoleptic quality of milk
The decreases in protein content, especially in caseins, due to lipid supplementation have negative effects on cheesemaking, in particular on cheese yielding capacity, rennet clotting time, curd firmness and curd firming time (Remeuf et al. 1991; Martin & Coulon, 1995) . With high-yielding cows, milk is often poor in protein even without lipid supplementation, so that cheesemaking problems can occur when supplemental lipids are supplied. Furthermore, when polyunsaturated FA are increased in milk, creams require more churning time for butter making (Edmondson et al. 1974 ).
An increase in milk polyunsaturated FA content decreases milk melting point (Palmquist et al. 1993 ) and leads to a better spreadability of butters at 4". Despite this, few increases in butter hardness were noted when saturated fats were given to cows, due to the action of mammary desaturase (Wong et al. 1982) .
Lipid addition to dairy-cow diets has often been considered to have a negative effect on the organoleptic qualities of dairy products when milk FA composition is modified. This concerns especially the proportion of linoleic acid. Wong et al. ), Edmonson et al. (1974 ), Badings et al. (1976 ) and Goering et al. (1976 obtained, by lipid supplementation, milks of which the fat contained up to 30 g linoleic acid/100 g. They observed: (1) a bland flavour of butter and cheese. The quality of cheeses such as Gouda or Cheddar is considered to be 'acceptable' up to 15 g linoleic acid100 g, although they have a soft and floury consistency. Tastes defined as 'oily', 'old fat' or 'stale' were also noted; (2) a trend to butter oxidation, resulting in a deterioration of taste with time. This can be avoided by addition of antioxidants to milk, but not to cow diets. Moreover, oxidation leads to a loss of colour in cheeses.
An 'old fat' taste, without an oxidized taste, has also been observed with milks rich in oleic acid (Middaugh et al. 1988) . Almost no problem has been noted with unprotected lipids, which do not increase polyunsaturated FA in milk. On the other hand, feeding oxidized lipids does not have any effect on milk composition and flavour (Cadden et al.
Among the possible deteriorations of milk organoleptic value, rancidity, which is caused by lipolysis, has been studied. The effects of dietary fat on spontaneous lipolysis have been reviewed by Chilliard (1982) . Lipolysis (measured by the concentration of free FA in milk) is increased by diets rich in palmitic acid but not by diets rich in stearic acid or in protected oils which enrich milk in linoleic acid. However, these trends certainly do not seem to have significant consequences on rancidity, since they have never been noted in the literature.
1984).
EFFECTS OF FAT SUPPLY IN DIETS ON CARCASS COMPOSITION AND MEAT QUALITY
The incorporation of lipids into fattening diets is highly dependent on the species. In ruminants, fat supplementation is less practised for meat animals than for dairy animals, perhaps because generally performance is not limited by energy intake. However, the inclusion of fat in the diet generally improves growth in sheep and cattle (Clinquart et al. 1995) . Fat supplementation is proposed in piglets after weaning, but can reduce live-weight gain during fattening. In chickens, feedstuffs are generally enriched with lipids to meet the energy requirement (Lessire et al. 1996) . The fatty acid composition of meat andor body fat is especially modified by dietary fat in non-ruminants, with noticeable consequences on meat quality.
In ruminants
Supplementation of fat in ruminant diets leads to an increase in the proportion of fat in carcasses, whatever the nature of dietary lipids; the weight of all adipose tissues is increased but not the proportion of fat in muscles (Chilliard, 1993; Clinquart et al. 1995) . Owing to the hydrogenation of FA in the rumen, the FA composition of body lipids is not modified to a large extent with most lipid sources. However, the saturated: unsaturated FA ratio tends to increase when animal fats are supplied and to decrease when vegetable oils are supplied. Moreover, as fattening diets are generally rich in concentrates, some of the polyunsaturated FA escape hydrogenation. In these conditions the proportions of linoleic and linolenic acid in body fat are increased. In some cases, this increase is of high magnitude, from 2 to 21 g linoleic acid100g fat in adipose tissues with a supplement of 120g encapsulated soyabean-sunflowerseed oilkg diet (Garrett et al. 1976) , from 2 to 4 g linolenic acid100g fat with a supplement of 20g lipidskg as unprotected linseeds (Clinquart et al. 1991) . Fat supplementation generally does not modify tenderness or water retention of muscle (Clinquart et al. 1995) . The effect on flavour is variable and opposite results have been obtained with lipids from rapeseed, an improvement by Tesfa et al.
(1 992) and a degradation by St John et al.
(1 987). Although no clear effect of the source of lipids is noted, the increase in linoleic acid in fat decreases the flavour score (Ford et al. 1976) .
In non-ruminants
In pigs, the effect of dietary fat on fat deposition does not always result in an increase of fat deposition, due to the negative effect on de novo lipogenesis in the adipose tissue. Fat deposition increases only when ambient temperature is thermoneutral or hot, due to a lower heat production with fat than with carbohydrate. Low temperatures increase fat deposition as a proportion of energy deposited, but this effect is reduced by dietary fat (Stahly, 1984) . In pigs, the nature of adipose tissue FA is strongly related to that of dietary FA (Lebret et al. 1996) . In particular, the content of linoleic acid in the different fat tissues is proportional to linoleic acid intake (Wood et al. 1986) . Polyunsaturated FA which are characteristic of fish oil (eicosapentaenoic acid and docosahexaenoic acid) can be incorporated into body tissues, unlike y-linolenic acid, which does not increase the content of arachidonic acid (Morgan et al. 1992) . The effect of polyunsaturated FA on adipose tissue composition can be reversed: the increase in linoleic acid with fattening due to maize oil is reversed when it is replaced by tallow (Courboulay & Mourot, 1995 , cited by Lebret et al. 1996 Fig. 6 ). Fat is less firm when high levels of linoleic acid are fed (Wood, 1984) . However, most lipid sources do not alter pork flavour, even when dietary linoleic acid is high; only fish oil gives an off-flavour of fish (Melton, 1990) . Moreover, adding vitamin E to the diet reduces the oxidation of linoleic acid in meat (Mourot et al. 1992) .
In poultry, the incorporation of dietary fat does not increase the proportion of body fat, which is mainly determined by the energy : protein ratio in the diet, whatever the source of energy. Due to the reduction of de novo FA synthesis, body fat deposition mainly depends on the direct uptake of preformed FA. For this reason, FA composition of body lipids is highly correlated to the nature of FA intake (Fisher, 1984; Lessire, 1995) . For example, the proportion of linolenic acid in body fat of chickens fed with linseed oil can reach 34 g/IOOg instead of 1 g/IOOg with classical diets (Edwards & Hart, 1971) . According to these authors, C20 and C22 polyunsaturated FA are, however, not incorporated in large amounts when fish oil is given. The modifications in FA composition have consequences in terms of carcass texture. With saturated fats in the diet, body fat is 'flaky', whereas with dietary oils rich in oleic and linoleic acids, body fat is 'soft' and 'oily' (Caudron et al. 1993) . In extreme cases, meat flavour is negatively modified, especially with fats rich in polyunsaturated FA. Oxidation may be prevented by the use of antioxidants in the diet (Sheehy et al. 1993) . The use of fish meal in the diet gives a fish taste to broiler meat, probably due to fish FA (Poste, 1990) .
In rabbits, lipid supplementation moderately increases the carcass adiposity. As in other non-ruminants, there is a close relationship between dietary FA and body fat FA. The lipid sources coconut oil and linseed oil significantly alter the organoleptic qualities of meat (Ouhayoun et al. 1987) .
In preruminant calves, when different sources of lipids are substituted for maternal milk, the composition of the carcass does not vary, but the composition of deposited FA parallels that of dietary fat (Toullec & Mathieu, 1969) . The increase in meat polyunsaturated FA due to feeding leads to a decrease in consumers' preference (Touraille et al. 1983) , although differences are more limited than in pigs or poultry. 
CONCLUSIONS
During the two past decades, the use of fat in the diets of farm animals has been determined by their effect on production, in relation to economic criteria. Various solutions have been proposed to improve the use of fats including, in ruminants, protection of lipids in order to limit the disturbances of carbohydrate degradation, and in non-ruminants, optimization of the unsaturated: saturated FA ratio to increase the energetic efficiency of fats. Now, the need for the improvement of quality and safety of animal products is emphasized by consumers. However, it is difficult to propose ready-made solutions to the producers. The choice between different options is not obvious:
(1) Demands are sometimes antinomic. Modifying the fat content of milk and meat by increasing polyunsaturated FA and decreasing saturated FA is often suggested in order to improve the dietetic value of products. This contributes to a reduction in the organoleptic quality of products. Lowering total fat decreases the taste of meat because intramuscular lipids are reduced; an excess of polyunsaturated FA increases oxidation of products. The recourse to the use of antioxidants in pig and poultry diets is efficient at reconciling these two demands (Noble, 1996) , but the use of feed additives is still in debate. For this reason, it is necessary to identify correctly and grade the wishes of the consumers, which can fluctuate rapidly, especially since the power of the media is increasing.
(2) Technological processes offer alternative solutions for the manipulation of animal products. For example, milk can be enriched with polyunsaturated FA in factories (Boudreau & Arul, 1993) as well as with protein (Mietton, 1991) . Manipulation by dietary means is also possible; in the first case encapsulated lipids can be used, in the second case the decrease in protein content due to dietary lipids can be alleviated by the association of lipids with protected lysine and/or methionine. However, the extra cost to the farmer is not compensated for by a higher price of milk, whereas the extra cost for the factory which manipulates milk composition is paid by the consumer.
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S 3 1 (3) The increased demand for products of high dietetic quality can be in contradiction to new recommendations towards the development of extensive systems and the limitation of costs of production, involving a better use of forages. This contradiction is illustrated by a typical case in ruminants: improving the content of n-3 and n-6 polyunsaturated FA in meat can be achieved by using high proportions of concentrates in the diet and fish-oil supplementation (M. Enser, unpublished results).
These examples clearly show the necessity for the farmers to fit with the market conditions. The role of research is thus to propose innovative and reliable solutions and to contribute to the analysis of the benefits and drawbacks of different feeding strategies.
